Xenobiotics causing a variety of toxicity in biological systems could be classified as two types, inorganic and organic chemicals. It is estimated that the organic xenobiotics are responsible for approximately 80~90% of chemical-induced toxicity in human population. In the class for toxicology, we have encountered some difficulties in explaining the mechanisms of toxicity caused especially by organic chemicals. Here, a simple flowchart was introduced for explaining the mechanism of toxicity caused by organic xenobiotics, as the central dogma of molecular biology. This flowchart, referred to as a central dogma, was described based on a view of various aspects as follows: direct-acting chemicals vs. indirect-acting chemicals, cytochrome P450-dependent vs. cytochrome P450-independent biotransformation, reactive intermediates, reactivation, toxicokinetics vs. toxicodynamics, and reversibility vs. irreversibility. Thus, the primary objective of this flowchart is to help better understanding of the organic xenobiotics-induced toxic mechanisms, providing a major pathway for toxicity occurring in biological systems.
INTRODUCTION
Toxicology is simply defined as the study of the adverse effects of xenobiotics on living organisms. A xenobiotic is a general term referring to any chemical foreign to an organism or, in other words, any compound not occurring within the normal metabolic pathways of a biological system (1, 2) . Even if xenobiotics include organic or inorganic chemicals, it has been supposed that organic xenobiotics are greatly responsible for chemical-induced toxicity in human population. This may be due to the organic xenobiotics that are the basic constitutive chemical for most medications and poisons for living things (3) . In addition, more than 90% of Group I agents, which are carcinogenic to humans, are derived from organic xenobiotics (4) .
Toxic mechanisms, of organic xenobiotics, have been explained on the basis of a cascade of events starting with exposure, proceeding through distribution and metabolism, and ending with the interaction with cellular macromolecules. This process is simply expressed as toxicokinetics and toxicodynamics (1) . However, understanding the mechanisms underlying toxicity of xenobiotics in living system requires considering the molecular and biochemical reactions involved, as well as the relationships of ultimate toxic metabolites with cellular macromolecules (5) . Thus, teaching and understanding for toxic mechanisms can sometimes be a difficult task, partly because of their inherent difficulty and partly due to the complex interrelation among many factors such as a type of ultimate toxicant and cellular molecules in the presence or absence of biotransformation.
For better teaching and easier understanding about organic xenobiotics-induced mechanism of toxicity, some flowcharts with hypothetical descriptions have been developed and used (6) (7) (8) (9) . However, these descriptive flowcharts are useful only for explaining partly or limited processes in the whole toxic mechanisms, because of no reflection with toxicokinetics and toxicodynamic perspectives. In addition, most of them were focused only on the toxic mechanisms by indirect-acting xenobiotics requesting biotransformation. Thus, the flowchart considering toxicokinetic and toxicodynamic perspectives in the presence of, or the absence of biotransformation is necessary to cover the whole process of organic xenobiotics-induced toxic mechanisms.
Here, the simplest flowchart was introduced to facilitate teaching and better understanding about organic xenobiotics-induced mechanisms of toxicity. For a simple but core descriptive flowchart, the key steps and characteristics in xenobiotics-induced toxic process were considered as follows: direct-acting chemicals vs. indirect-acting chemicals, biotransformation, cytochrome P450-dependent vs. cytochrome P450-independent biotransformation, reactivation, reactive intermediates, and reversibility vs. irreversibility. This descriptive flowchart, is called "Central Dogma of Toxic Mechanism for Organic Xenobiotics", which is similar to the concept from central dogma of molecular biology, and was developed by modifying the original flowchart in Korean (10) . Thus, the primary objective of this flowchart is again to introduce the central dogma explaining a major pathway for organic xenobiotics-induced toxicity in English.
CENTRAL DOGMA
The simlest flowchart, a cenntral dogma, was already introduced from the previous work contained in the Korean textbook The Molecular and Biochemical Principles of Toxicology (10). This simplest flowchart was explained again by other additional works for organic xenobiotics-induced toxicity.
Central dogma of toxic mechanism for organic xenobiotics. The simplest flowchart is shown in Fig. 1 from which all of the toxic mechanisms for organic chemicals can be explained. The simplest flowchart or central dogma of toxic mechanisms for organic xenobiotics was supported by the following aspects: direct-acting chemicals vs. indirect-acting chemicals, biotransformation, cytochrome P450-dependent vs. cytochrome P450-independent biotransformation, reactive intermediates, reactivation, toxicokinetics vs. toxicodynamics and reversibility vs. irreversibility.
Direct-acting chemicals vs. indirect-acting chemicals.
Organic xenobiotics which induce the adverse effect or toxicity in the biological system can act either directly or indirectly (11, 12) . In general, organic xenobiotics entering the biological system are subject to biotransformation. Here, biotransformation refers to changes in xenobiotic compounds as a result of enzymatic reactions. Organic xenobiotics are biotransformed in several organs, but mainly in the liver. Since most organic xenobiotics undergo biotransformation prior to their toxic action, this process is identified in the flowchart as a major pathway. However, a few organic xenobiotics are not subject to biotransformation prior to their action; this process is identified in the flowchart as a minor pathway. Thus, organic xenobiotics are classified by either direct-acting or indirect-acting chemicals according to the presence or absence of biotransformation. Usually direct-acting xenobiotics undergo natural decomposition by hydrolysis, resulting in the chemical modification identified as an active form, and then display electrophilic property. This electrophilic property has a key role in interacting with cellular macromolecules such as protein, lipid and DNA, causing toxicity inside organisms. If the parent compound has an electrophilic property, the reaction of the parent compound with the environmental material would happen, prior to entering inside the organism. Of course, without any chemical modification, some parent compounds which act directly on the target molecules. These xenobiotics show their similar action to some endogenous compounds such as a hormone, inducing and causing an alteration in a physiological control mechanism. Direct-acting chemicals are those which can "immediately" react with a substance because the parent chemical is chemically reactive. Conversely, indirect-acting chemicals are not initially reactive and so they require an activation step such as biotransformation. In general, it is believed that a great majority of toxic effects are caused by indirect-acting chemicals, including most medicines and environmental pollutants.
Biotransformation. Biotransformation, sometimes referred to as metabolism, is the structural modification of a chemical by enzymes in the body. Organic xenobiotics are biotransformed in several organs including the liver being the most important one. Organic xenobiotics absorbed in the gastrointestinal tract must pass through the liver, where they can be biotransformed and thus eliminated before being distributed to other parts of the body. Thus, biotransformation of a xenobiotic can dominate toxicokinetics, and the metabolites may reach higher concentrations in organisms than their parent compounds (13) . In addition, toxicodynamics, dealing with the mechanisms by which toxicants produce unique cellular effects within the organism, are related to biotransformation producing toxic metabolites like reactive intermediates (1). Thus, it can be surmised that the biotransformation process can dominate toxicokinetics and toxicodynamics of most xenobiotics. The enzymes in the biotransformation process play a major role in the chemical conversion of xenobiotics. There are two main groups of biotransformation enzymes according to a series of two reactions: Phase I reaction and phase II reaction. Phase I reactions normally add a functional group to the xenobiotic which enables the Phase II reaction to take place (14, 15) . Phase I reactions are carried out by oxidative enzymes like the cytochrome P450 and the flavin monooxygenases, as well as hydrolytic enzymes like esterases and amidases (6, 16, 17) . The group for the phase II reaction is composed of enzymes that catalyze the conjugation of these functionalized compounds to a water-soluble moiety (e.g. glucuronic acid, sulfate, glutathione) (6).
Cytochrome P450-dependent vs. cytochrome P450-independent biotransformation. In Phase I reaction, almost 80% of organic xenobiotics are biotransformed by cytochrome P450 enzymes, referred to as cytochrome P450-dependent biotransformation (17) (18) (19) . In fact, from the 315 most commonly prescribed drugs in the US, 175 (56%) are primarily cleared by cytochrome P450-dependent biotransformation (20) . In humans, to date 57 different P450 isoforms have been identified, which were assigned to 18 families and 43 subfamilies based on their protein sequences (18) . From these 18 families, the CYP3A subfamily, which comprises CYP3A4, 3A5 and 3A7, is responsible for more than 50% of cytochrome P450-mediated biotransformation (21) . Thus, cytochrome P450-dependent biotransformation is classified as a major pathway for xenobiotics biotransformation, especially in the liver.
Reactive intermediates. In general, biotransformation results in detoxification of xenobiotics and is accompanied by the formation of chemically stable metabolites. However, in some cases, these reactions can convert xenobiotics to toxic metabolites that are chemically reactive (22) . This process is commonly referred to as metabolic activation or bioactivation. Thus, bioactivation is the biotransformation process by which a xenobiotic may be converted to more reactive or toxic forms. These reactive or toxic forms are referred to as reactive intermediates, such as electrophilic metabolites having electron-seeking property, redox-active species having the ability to accept and donate electrons during redox-cycling reaction, and carbon-centered radicals having unpaired valence electrons at carbon (8, (23) (24) (25) . These reactive intermediates may be capable of either modifying biological material covalently or participating in redox-cycling reactions leading to the toxic effects. The continuous presence of chemically reactive intermediates can lead to adverse effects and various disease conditions (26) .
In addition, most of reactive intermediates are formed in a direct or indirect relation with cytochrome P450 activity (8, 19, (27) (28) (29) . Thus, cytochrome P450-dependent biotransformation is a major factor in determining toxicity. This is especially true regarding electrophilic metabolites, as they are the most important reactive intermediates. Many of the chemical-induced toxicities have been known to be associated with their ability to react with a variety of targets within the cell (26, 30) . The toxic effects by electrophilic metabolites are initiated by the covalent binding to cellular macromolecules, such as proteins, and nucleotides within DNA, forming various adducts (24, 31, 32) . However, electrophilic metabolites and other reactive intermediates formed during bioactivation process may be also detoxified efficiently by glutathione conjugation and other Phase II reactions (32, 33) . Thus, toxic effects occur only when the balance between the production of reactive metabolites and their detoxification is disrupted (34) . Although a substantial body of information is available on the biotransformation of xenobiotics to reactive metabolites and chemical nature of reactive intermediates, less is known about how reactive intermediates interact with cellular macromolecules or constituents and how those interactions cause cell injury and death (35) . Thus, it is believed that a great majority of toxic effects are caused by reactive intermediates generated by cytochrome P450-dependent biotransformation of xenobiotics (8, 19) .
Reactivation. After Phase II reaction, a conjugated xenobiotic or a conjugated reactive intermediate is generally associated with detoxification. An unusual occurrence was noted: when the reactive intermediate was conjugated, especially with glutathione after Phase I, it was activated again under specific circumstances with reactions such as hydrolytic reaction of glutathione, and cytochrome P450-dependent biotransformation again in other tissues and organs (10, 36) . This process is referred to as reactivation, which induces toxic effects. In addition, most reactive intermediates are formed by Phase I metabolic pathways, however, in very rare cases Phase II pathways can also generate reactive metabolites (8) . For example, there are known xenobiotics that, upon conjugation with sulfate or glucuronic acid, are converted to chemically reactive metabolites leading to toxicity (37) .
Toxicokinetics vs. toxicodynamics. In general, four potential processes exist for a chemical interacting with an animal: absorption, distribution, biotransformation and excretion, referred to as toxicokinetics. However, the biotransformation of a xenobiotic may be the most important process in toxicokinetics, since kinetic profiles of a xenobiotic in the body can change its structural modification at this point. In addition, the reactive intermediate's chemical reactivity and vicinity are important factors affecting the toxicokinetics, because the reactive intermediate may be able to interact with the biological target in the site where biotransformation occurs. If toxicokinetics shows the quantitative relationship among absorption, distribution, biotransformation, and excretion of xenobiotics and their metabolites, toxicodynamics is defined as the characterization of the molecular, biochemical and physiological effects of xenobiotics and their reactive intermediates. Toxicodynamics describes the dynamic interactions of xenobiotics and their reactive intermediates with cellular macromolecules known as the site of action. Cellular macromolecules such as proteins, ion channels, DNA, or a variety of other receptors are a biological target of xenobiotics and their reactive intermediates (24, 38) . The mechanism of action of xenobiotics and their reactive intermediates, as determined by their chemical properties, will determine what cellular macromolecules or receptors are targeted and the overall toxic effect at the cellular level and organismal level. Thus, toxicodynamics can be explained in combination with toxicokinetics in determining the potential effects and toxic mechanisms.
Reversibility vs. irreversibility. In a view of toxicodynamics of reactive intermediates, the two types of interaction with cellular macromolecules are reversible and irreversible. Reversible interactions are not permanent and can be changed, otherwise, returned to normal. Most toxic effects are reversible and do not cause permanent damage, but complete recovery may take a long time. However, irreversible interactions are permanent and cannot be changed once they have occurred. Some reactive intermediates cause irreversible interaction with cellular macromolecules, especially DNA. Many procarcinogens biotransformed by cytochrome P450 enzymes to electrophilic metabolites can react irreversibly with DNA, causing mutations and eventually, carcinogenesis (22, 37) . In addition, interaction of reactive intermediates with the nervous system is usually irreversible since its cells cannot divide and be replaced. Accordingly, relatively small changes in overall xenobiotic biotransformation, particularly in increasing the formation or decreasing the detoxification of the reactive intermediate can have a major effect on tissue exposure and toxicity (30) . It is known that the amount of reactive intermediate formed during the biotransformation of most xenobiotics generally constitutes only a small fraction, perhaps 1%~10% of the total xenobiotic disposition (30) . However, the toxicological potential of such a small fraction of reactive intermediates is further compounded by the irreversible nature of interaction with other DNA, which results in multistagecarcinogenesis by the accumulation over time of DNA molecular lesions (10, 39) .
CONCLUSION
The central dogma of molecular biology, represented by three major stages, replication, transcription and translation, has long been used in helping to explain the flow of genetic information within a biological system. In addition, it has been a beneficial contribution towards understanding the basic concept of molecular biology in much easier terms even when exceptions are discovered; for example, reverse transcriptase, an enzyme that uses RNA as a template to form DNA (40) (41) (42) . In a case of toxicology, even though tremendous progress has been made in past decades, elucidating the mechanisms for organic xenobiotics-induced toxicity, there are still no descriptive flowcharts sufficient enough to cover the whole process of organic xenobioticsinduced toxic mechanisms in a view of toxicokinetics and toxicodynamics. As shown in Fig. 1 . the simplest flowchart was introduced to facilitate teaching and better understanding organic xenobiotics-induced mechanisms of toxicity. All mechanisms of organic xenobiotics-induced toxicity can be explained with this flowchart, so this is why we refer to it as the Central Dogma. However, it is believed that a great majority of toxic effects are caused by reactive intermediates, especially electophilic metabolites, generated by cytochrome P450 through biotransformation of a parent xenobiotic. This process in producing reactive intermediates is classified as a major pathway in a view of toxicokinetics. As a major pathway in toxicodynamics, there will be interactions of reactive intermediates with cellular macromolecules, resulting in permanently irreversible changes. Finally, it is our expectation that this flowchart will be replaced by other promoted as the true Central Dogma for organic xenobiotics-induced toxicity so that all people can easily approach the field of toxicology.
